In this paper my prime objective is to explain the generation of large tensor-to-scalar ratio from the single field sub-Planckian inflationary paradigm within Randall Sundrum (RS) single braneworld scenario in a model independent fashion. By explicit computation I show that the effective field theory prescription of brane inflation within RS single brane setup is consistent with sub-Planckian excursion of the inflaton field, which will further generate large value of tensor-to-scalar ratio, provided the energy density for inflaton degrees of freedom is high enough compared to the brane tension in high energy regime. Finally, I mention the stringent theoretical constraint on positive brane tension, cut-off of the quantum gravity scale and bulk cosmological constant to get subPlanckian field excursion along with large tensor-to-scalar ratio as recently observed by BICEP2 or at least generates the tensor-to-scalar ratio consistent with the upper bound of Planck.
It is a very well known fact from superstring theory [1] [2] [3] that we are living in 11 dimensions and different string field theoretic setups are connected with each other via stringy duality conditions. Among varieties of string theories, the 10-dimensional E 8 ⊗ E 8 heterotic string theory is a strong candidate for our real world as the theory may contain the standard model of particle physics and is related to an 11-dimensional theory written on the orbifold R 10 ⊗ S 1 /Z 2 . Within this field theoretic setup, the standard model particle species are confined to the 4-dimensional space-time which is the sub-manifold of R 4 ⊗ S 1 /Z 2 . On the contrary, the graviton degrees of freedom propagate in the total space-time. In a most simplified situation, one can think about a 5-dimensional problem where the matter fields are confined to the 4-dimensional spacetime while gravity acts in 5 dimensional bulk spacetime [4, 5] . Amongst very successful propositions for extra dimensional models, Randall & Sundrum (RS) one brane [6] and two brane [7] models are very famous theoretical prescription in which our observable universe in embedded on 3-brane which is exactly identical to a domain wall in the context of 5-dimensional anti-de Sitter (AdS 5 ) space-time. Various cosmophenomenological consequences along with inflation have been studied from RS setup in refs. [8-19, 21, 22] .
The primordial inflation has two key predictions -creating the scalar density perturbations and the tensor perturbations during the accelerated phase of expansion [23, 24] . Very recently, BICEP2 [25] team reported the detection of the primordial tensor perturbations through the B-mode polarization as: r = 0.20
+0.07
−0.05 (2σ), where r is the tensor-scalar ratio. Explaining this large tensor-to-scalar ratio is a challenging issue for particle cosmologist because of the Lyth bound [26] , one would expect a super-Planckian excursion of the inflaton field in order to generate large tensor-toscalar ratio. Obviously, the current data can also be explained by the sub-Planckian excursion of the inflaton field in the context of single field inflation as discussed in [27] [28] [29] [30] [31] , where in these class of models sufficient amount of running and running of the running in tensor-to-scalar ratio has been taken care of. A small class of potentials inspired from particle physics phenomenology i.e. high scale models of inflation in the context of MSSM, MSSM⊗U (1) B−L etc [32] [33] [34] [35] will serve this purpose. RS single brane setup is one of the possibilities in which one can generate large tensor-to-scalar ratio along with sub-Planckian field excursion from a large class of models of inflation within effective field theory prescription [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] . in which it is feasible to describe a system through the lowest dimension operators compatible with the underlying symmetries.
In this paper, I derive the direct connection between field excursion and tensor-so-scalar ratio in the context of effective theory inflation within Randall Sundrum (RS) braneworld scenario in a model independent fashion. For clarity in the present context the bulk space-time is assumed to have 5 dimensions. By explicit computation I have shown that the effective field theory of brane inflation within RS setup is consistent with sub-Planckian VEV and field excursion, which will further generate large value of tensor-to-scalar ratio when the energy density for inflaton degrees of freedom is high enough compared to the visible and hidden brane tensions in high energy regime. Last but not the least, I have mentioned the stringent constraint condition on positive brane tension as well as on the cut-off of the quantum gravity scale to get sub-Planckian field excursion along with large tensor-to-scalar ratio.
Let me start the discussion with a very brief introduction to RS single brane setup. The RS single brane setup and its generalized version from a Minkowski brane to a Friedmann-Robertson-Walker (FRW) brane were derived as solutions in specific choice of coordinates of the 5D Einstein equations in the bulk, along with the junction conditions which are applied at the Z 2 -symmetric single brane. A broader perspective, with non-compact dimensions, can be obtained via the well known covariant Shiromizu-Maeda-Sasaki approach [48] , in which the brane and bulk metrics take its generalized structure. The key point is to use the Gauss-Codazzi equations to project the 5D bulk curvature along the brane using the covariant formalism. Here I start with the well known 5D Rundall Sundrum (RS) single brane model action given by [6] :
where the extra dimension "y" is non-compact for which the covariant formalism is applicable. Here M 5 be the 5D quantum gravity cut-off scale, Λ 5 be the 5D bulk cosmological constant, L bulk be the bulk field Lagrangian density, L brane signifies the Lagrangian density for the brane field contents. It is important to mention that the the scalar inflaton degrees of freedom is embedded on the 3 brane which has a positive brane tension σ and it is localized at the position of orbifold point y = 0 in case of single brane. The 5D field equations in the bulk, including explicitly the contribution of the RS single brane is given by [4, 48] :
where (5) T AB characterizes any 5D energy-momentum tensor of the gravitational sector within bulk specetime. On the other hand the total energy-momentum tensor on the brane is given by:
where T µν is the energy-momentum tensor of particles and fields confined to the single brane so that the constraint condition, T AB n B = 0 is valid in the present context. Let me consider further y be a Gaussian normal coordinate, which is orthogonal to the single brane, chosen to be placed at the orbifold point y = 0 without loss of generality, so that an infinitesimal change along the direction of extra dimensional coordinate is represented by, n A dX A = dy, where n A be the unit normal. In case of RS single brane setup the 5D metric in terms of the induced metric on the family of y = const. hypersurfaces is locally represented by [4, 5, 48] :
Here it is assumed that the metric g µν (x α , y) is non-factorizable in the most generalized prescription. In such a situation one can Taylor expand of the metric about the single brane. In Gaussian normal coordinates after applying Taylor expansion one can write:
Now further integrating Equation (2) along the extra dimension within the interval y = −ǫ to y = +ǫ, and after taking the limit ǫ → 0, leads to the well known Israel-Darmois junction conditions at the brane [4, 48] :
where I define, T = T µ µ and and one can evaluate quantities on the brane by taking the physical limit y → +0. This further implies that the effective action on the 3 brane can be expressed as:
where ∆ S and ∆ E are the contributions from quadratic part of the energy-momentum tensor T µν and Weyl tensor respectively. Finally one can arrive at the 4-dimensional Einstein induced field equations on the single brane given by [4, 5, 48] :
where T µν represents the energy-momentum on the single brane, S µν is a rank-2 tensor that contains contributions that are quadratic in the energy momentum tensor T µν represented by [4, 48] :
and E µν characterizes the projection of the 5-dimensional Weyl tensor on the 3-brane which is physically equivalent to the non-local contributions pressure and energy flux for a perfect fluid, given by [4, 5, 48] :
which is orthogonal to the unit normal vector n B represented via the following condition:
which is the outcome of the Weyl tensor symmetries. In a cosmological framework, where the 3-brane resembles our universe and the metric projected onto the brane is an homogeneous and isotropic flat Friedmann-Robertson-Walker (FRW) metric, the Friedmann equation becomes [4, 5, 48] :
where ǫ is an integration constant. The four and five-dimensional cosmological constants are related by [4, 5, 48] :
where σ is the 3-brane tension. Within RS setup the quantum gravity cut-off scale i.e. the 5D Planck mass and effective 4D Planck mass are connected through the visible brane tension as:
Assuming that, as required by observations, the 4D cosmological constant is negligible Λ 4 ≈ 0 in the early universe the localized visible brane tension is given by:
whereΛ 5 be the scaled 5D bulk cosmological constant defined as:
where V (φ) be the inflaton single field potential which I expand in a Taylor series around the VEV, φ = φ 0 as:
where
p denotes the height of the potential, and the coefficients:
, determine the shape of the potential in terms of the model parameters. The prime denotes the derivative w.r.t. φ. Here φ be the inflaton field which is embedded on the visible brane of RS setup. Even for zero VEV of the inflaton, φ = φ 0 = 0, Eq (22) also holds good. One can further simplify the expression for the potential by applying Z 2 symmetry on the brane as:
where the expansion co-efficients are defined as:
Within high energy limit the slow-roll parameters in the visible brane can be expressed as [4, 8, 10] :
and consequently the number of e-foldings can be written as [4, 8, 10] :
where φ e corresponds to the field value at the end of inflation which can be obtained from the following equation:
In terms of the momentum, the number of e-foldings, N b (k), can be expressed as [49] :
where ρ e is the energy density at the end of inflation, ρ rh is an energy scale during reheating, k * = a * H * is the present Hubble scale, V * corresponds to the potential energy when the relevant modes left the Hubble patch during inflation corresponding to the momentum scale k * , and w int characterises the effective equation of state parameter between the end of inflation, and the energy scale during reheating. Within the momentum interval, k e < k < k cmb , the corresponding number of e-foldings is given by, ∆N b , as
where (a cmb , H cmb ) and (a e H e ) represent the scale factor and the Hubble parameter at the CMB scale and end of inflation. One can estimate the contribution of the last term of the right hand side by using Eq (22) as:
where W and Q represent two series sum given by:
where the field excursion is defined as, ∆φ = φ cmb −φ e , where φ cmb and φ e signify the inflaton field value at the horizon crossing and at the end of inflation respectively. Now I explicitly show that both of the series sum are convergent in the present context. To hold the effective field theory prescription one need to satisfy the following sets of criteria:
• (1).
.
This implies that, both W < 1 and Q < 1 are convergent and from Eq (41) we get:
,which perfectly holds good for zero VEV inflaton case. Let us investigate the Z 2 symmetric case in which one can write:
where W 0 and Q 0 represent two series sum given by:
Here also the similar criteria hold good to apply the effective field theory prescription which make the series sum W 0 and Q 0 convergent. Consequently, for all the physical situations described in this paper Eq (36) reduces to:
In the high energy limit of RS braneworld the tensor-to-scalar ratio satisfies the following consistency condition at the leading order of the effective field theory:
where P S (k) and P T (k) are the scalar and tensor power spectrum at any scale k. It is important to note that the following operator relationship holds good in the high energy limit of RS braneworld:
In Eq (45) the tensor-to-scalar ratio can be parametrized at any arbitrary momentum scale as:
for Case II
where k * be the pivot scale of momentum. In Eq (47) the subscript (T, S) signifies the tensor and scalar modes obtained from cosmological perturbation in RS braneworld. Here (n T , n S ), (α T , α S ) and (κ T , κ S ) represent the tensor and scalar spectral tilt, running and running of the running in RS braneworld respectively. See appendix where all these definitions are explicitly given. Further combining Eq (45) and Eq (46) together and performing the momentum as well as the slow-roll integration I get:
Now let us explicitly compute both the sides of the Eq (48). I start with the computation of momentum integration where I investigate the possibility of four physical situations as mentioned in Eq (47) finally leading to:
for Case IV.
Now for completeness let me concentrate on a limiting situation where ∆N b is small but within observable range. In such a situation one has the following results:
(51) Next I compute the right hand side of the Eq (48). To serve this purpose I start with Eq (22) .
where in the next to last step I have used the convergent criteria of the series sum as mentioned earlier in this paper.
Similarly from Eq (23) I get:
Now further clubbing Eq (52) and Eq (53) with/without Z 2 symmetric physical situation I get:
where the scale of inflation is determined by the symbol, V inf = V 0 for φ 0 = 0 and V inf = V (φ 0 ) for φ 0 = 0. Finally substituting Eq (50) and Eq (54) on Eq (48) I get:
(55)
Here all the observables appearing in the left side of Eq (55) can also be expressed in terms of the slow-roll parameters in RS single braneworld. See the appendix for details. Further using the the limiting results on ∆N b I get:
(56) Let me now I compute the analytical expression for ∆N b using Eq (33) and the explicit form of the potential stated in Eq (22) and Eq (23) for consistency check.
where for both cases convergence criteria of the series sum are imposed. Most importantly Eq (57) and Eq (58) fixes the value of ∆N b within the desired range demanded by the observational probes. This can be easily done by putting constraint on the brane tension of the single brane and the Taylor expansion co-efficients of the effective potential within RS setup. Also this makes the analysis consistent presented in this paper. Further from Eq (57) and Eq (58) one can write the field excursion for the both the physical situations as:
Now using Eq (59) and Eq (60) one can express the analytical bound on the positive brane tension σ as:
Now I will explicitly show the details of each of the constraints on σ computed from Eq (61) and Eq (62). To serve this purpose let me now first write down the Taylor expansion co-efficient of the generic potential V (φ * ), V ′ (φ * ), V ′′ (φ * ), · · · in terms of the inflationary observables:
where I use the fact that inflaton field value at the pivot scale φ * ≈ φ cmb . Therefore, one can write a matrix equation characterizing the Taylor expansion coefficients at VEV φ 0 as:
where I introduce a new symbol:
Finally applying the matrix inversion technique I get the following physical solution:
As the series converge criteria holds good in the present context, one can write down the following solution in the leading order approximation as:
Now in case of Z 2 symmetric situation with zero VEV one can rewrite the solution of matrix equation as:
Further applying convergence criteria one can recast Eq (68) as:
The present analysis clearly shows that the scale of inflation is given by:
Now using Eq (67) and Eq (70) along with Eq (71) here I get the following expression for the analytical bound on the positive brane tension σ in terms of inflationary observables in RS single braneworld setup as:
where φ e ≤ M p have been used in Eq (73). Further I get the following relationship between brane tension and the scale of inflation:
for Case IV. which is consistent with all the observational constraints mentioned earlier. Now in the low energy regime when the energy density of inflaton ρ << σ then, in this limit, the suppression pre-factor turns out to be:
Using this limiting result it is possible to obtain also the relation between field excursion and tensor-to-scalar ratio from Eq (55) in case of usual GR prescribed effective field theory setup. For the details see the refs. [27] [28] [29] [30] [31] where such limit and their cosmological consequences are elaborately studied. Now let me concentrate on the first case of Eq (55), which is the most simplest physical situation. If I take the limit, ρ << σ, then it absolutely reduces to the good-old Lyth bound in which for ∆N b ∼ O(8 − 10) super-Planckian field excursion |∆φ| ∼ O(2.7 − 5.1) M p > M p is required to generate large tensor-to-scalar ratio as observed by BICEP2 or at least generates the tensor-to-scalar ratio consistent with the upper bound of Planck. Now in the RS single braneworld setup by setting the brane tension in the above mentioned desired value and fixing the scale of inflation in the vicinity of GUT scale it is possible to generate large tensor-to-scalar ratio using sub-Planckian field excursion for which it is possible to describe the setup by using effective field theory of inflation. But only in the last case of Eq (55) in the limit ρ << σ it is possible to obtain sub-Planckian field excursion |∆φ| ∼ O(0.2 − 0.3) M p < M p to get large value of tensor-to-scalar ratio [27] [28] [29] .
If we now switch on the effect of single brane in RS setup then due to the presence of the suppression pre-factor as mentioned in Eq (94) the field excursion further reduces to the GUT scale i.e. |∆φ| ∼ O(0.02 − 0.05) M p < M p . To summarize, in the present article, I have established a methodology for generating sub-Planckian field excursion along with large tensor-to-scalar ratio in a single brane RS braneworld scenario for generic model of inflation with and without Z 2 symmetry in the most generalized form of inflationary potential. I have investigated this scenario by incorporating various parametrization in the power spectrum for scalar and tensor modes as well as in the tensor-toscalar ratio as required by the observational probes. Using the proposed technique I have further derived a analytical as well as the numerical constraints on the positive brane tension, 5D Planck scale and 5D bulk cosmological constant in terms of the 4D Planck scale. Finally, I have given an estimation of the field excursion which lies within a subPlanckian regime and makes the embedding of inflationary paradigm in RS single braneworld via effective field theory prescription consistent.
